Introduction {#Sec1}
============

Patent ductus arteriosus (PDA) is common among preterm infants, affecting \~80% of those born at 25--28 weeks' gestation, and 90% of those born at 24 weeks' gestation. Hemodynamically significant PDA (hsPDA) is diagnosed based on physical examination and clinical findings, but the most accurate method is echocardiography \[[@CR1]\]. Currently, the first choice of treatment for hsPDA is with medications, primarily indomethacin and ibuprofen \[[@CR2]\]. Paracetamol is an effective alternative, with less side effects \[[@CR2]--[@CR5]\]. Surgical ligation is the next line of treatment \[[@CR6]\].

When the ductus remains open blood flows from the aorta into the pulmonary artery, a phenomenon called "ductal steal." This can cause compromised perfusion of vital organs, including bowel, kidney, and brain. Decreased mesenteric tissue oxygenation and superior mesenteric artery flow were described \[[@CR7], [@CR8]\].

The effect of hsPDA on coronary flow and myocardial function has been studied in the past in lambs and preterm infants treated with indomethacin, showing an acute decrease of coronary flow after medication delivery, with a later partial recovery \[[@CR9]--[@CR11]\]. Other studies that examined coronary flow before and after surgical ligation of PDA showed an increase in postoperative coronary perfusion, suggesting it is potentially compromised by severe ductal shunt \[[@CR12], [@CR13]\].

Information on coronary flow in children and neonates is limited. Transthoracic echocardiography offers a noninvasive but reliable method for coronary flow examination \[[@CR14]\], comparable to guide wire methods \[[@CR15]\]. No study, to the best of our knowledge, has evaluated the association between severity of PDA and coronary flows, and the effect of medical treatment of PDA with ibuprofen or paracetamol on coronary flows in preterm infants.

We hypothesized that coronary flow in infants with hsPDA will be lower compared with preterm infants with nonsignificant or without PDA, and that medical closure of PDA will result in an increase in coronary flow. A "steal effect" from the coronaries might help in defining hsPDA. The aim of this pilot study was to evaluate coronary flows in preterm infants with and without hsPDA and to assess the effect of medical treatment on coronary flows.

Patients and methods {#Sec2}
====================

Patients {#Sec3}
--------

This was a prospective observational pilot study conducted in the Neonatal Intensive Care Unit (NICU) between September 2015 and October 2018. The study was approved by the ethics committee of the Israeli Ministry of Health and by the institutional review board. Parents of all infants signed an informed consent form.

The study group included preterm infants under 32 weeks of gestation that were born in Bnai Zion Medical Center in Haifa, with hsPDA demonstrated in echocardiography, which were treated with ibuprofen or paracetamol. hsPDA was defined by clinical and hemodynamic findings that the medical team decided to treat. Clinical signs included systolic murmur, increased precordial impulse, bounding arterial pulses, and low diastolic blood pressure with a widened pulse pressure, increased oxygen requirement or inability to reduce mechanical ventilator support. The echocardiographic parameters for significant PDA were defined as ductal diameter ≥1.5 \[[@CR16], [@CR17]\] and a nonrestrictive ductus (ductal flow \<1 m/s)\[[@CR18]\].

Two comparison groups were defined: preterm infants without PDA and preterm infants with a nonsignificant PDA defined as a small restrictive ductus (ductal flow \>1 m/s)\[[@CR18]\], that were not treated for ductal closure. All the decisions and categorizations to the three groups were for practical clinical management by the attending neonatologist and the medical team according to the described routine in our NICU and cardiac echocardiography performed by a certified cardiologist.

Excluded were neonates with significant congenital defects or infants who needed vasopressors for sepsis.

Study procedure {#Sec4}
---------------

Neonates were examined by echocardiography as part of the department's routine when a PDA was suspected. If a large ductus was found and medical treatment was initiated the neonate was examined again after completion of first medical course. Treatment protocol was based on current literature and common practice, and was not influenced by the study. According to the standard accepted treatment protocol ibuprofen was given IV or PO once daily for 3 days (10 mg/kg in the first day, 5 mg/kg in the following 2 days), and paracetamol was given IV or PO every 6 h for 3 days (15 mg/kg) \[[@CR4]\]. Variability in treatment duration and dosage existed based on neonate's clinical condition and the standard routine.

A high sensitivity cardiac troponin *T* test was performed prior to the first echocardiography test in the study and comparison groups, together with blood tests withdrawn for patients' care.

Echocardiography {#Sec5}
----------------

Two-dimensional echocardiography was performed by a single senior cardiologist using the Philips CX50 cardiovascular ultrasound system (Philips, Bothell, WA, USA) with a S12-4 transducer and a 7.5-MHz high-frequency phased-array transducer probe. Sampling of blood velocities through the left main (LM) coronary artery and flow velocity measurements were performed. The LM flow velocity was identified using color Doppler flow analysis set to a low Nyquist limit (16 cm/s). Doppler sampling of LM velocities was performed via short axis view at the level of the aortic valve or apical 5-chamber view. The Doppler sample volume was placed within the color jet of the LM coronary artery. The angle of incidence was kept at a minimum of less than 10° with the direction of color flow jet.

Measurements {#Sec6}
------------

During each echocardiography study the following parameters were measured: cardiac size parameters, PDA characterization, coronary flow in the LM coronary artery and cardiac output (CO). Cardiac size measurements included left ventricular end diastolic diameter, left ventricular end systolic diameter, left atrial diameter, interventricular septum diameter, left posterior wall diameter (LPW), aortic root and aortic valve opening size, LM coronary artery and left ventricle outlet radius.

PDA characterization included size, systolic and diastolic difference in pressure (delta P). Ductal flow velocity was calculated from equation ΔP (pressure gradient) = 4 × V(flow velocity)^2^. The ratio of left atrial to aortic root dimensions was calculated to assess PDA significance. Ductal size was also adjusted for weight \[[@CR19]\]. Coronary flow was evaluated during diastole as the majority of coronary arterial flow occurs then. Measurements were averaged from three consecutive beats. The peak diastolic velocity (Vd) represents the flow velocity in the vessel and was measured in cm/s. Flow is represented by both the diastolic time-velocity integral (TVId) and flow index (FI). TVId is the area under the velocity/time curve and was measured in centimeter. FI is the coronary flow volume index per minute and was calculated as the product of TVId times the heart rate, measured in cm/min. FI was also adjusted for birth weight \[[@CR10], [@CR12]\]. Flow was calculated by multiplying the FI by π x coronary artery radius^2^. Cardiac output index (CO~I~) (cm/min) was measured as systolic time- velocity integral measured in the left ventricular outlet times the heart rate, and was also adjusted for weight \[[@CR19]\]. Cardiac output was calculated by multiplying the CO~I~ by π × left ventricle outlet radius^2^. Myocardial oxygen demand was calculated as heart rate times the systolic blood pressure, and was also adjusted for weight \[[@CR20]\]. Measurements of peak Vd and TVId were performed with the internal analysis package of the ultrasound unit. Values for all parameters were obtained by averaging measurements of three consecutive cardiac cycles. All images were analyzed offline. Our results address the LM coronary artery and not the LAD, because the latter is a continuation of the LM coronary artery and was inaccessible in most premature infants in the study.

Statistical analysis {#Sec7}
--------------------

A two-sample paired *t* test was performed for analyzing continuous variables with normal distribution in the study group (changes in heart size parameters, PDA characteristics, velocity, flow and CO, before and after medical PDA closure), with each neonate serving as his own control. An unpaired *t* test or ANOVA was used for continuous variables with normal distribution to compare the same measurements with the comparison groups. The Mann--Whitney Rank Sum Test or Wilcoxon signed-rank test was used where the distribution was skewed, as appropriate. Chi^2^ and Fisher Exact tests were used for some of the clinical outcome measures (Intraventricular hemorrhage/periventricular leukomalacia, necrotizing enterocolitis, retinopathy of prematurity and bronchopulmonary dysplasia). We also performed a multivariate analysis (with the best subset regression model) to test if GA, birth weight and ductal size had significant effects on troponin level and clinical outcomes. To assess the accuracy of coronary artery measurements we performed intraclass correlation coefficient (ICC). Values between 0.75 and 0.9, and \<0.5 are considered good or poor, respectively.

Based on expected flow velocities of 20--22 cm/s with 1--2 cm/s standard deviation, we estimated that in order to detect a 10% difference between study and comparison groups (meaning 2 cm/s) in coronary flow velocity, with a power of 80% and α \< 0.05, using an unpaired *t*-test or ANOVA, we would need 17 neonates in each group. In a paired *t*-test we would need ten neonates in the study group, with each neonate serving as his own control. The level of significance was set at *p* \< 0.05. SigmaStat version was used for the analysis.

Results {#Sec8}
=======

During the study period 93 newborns under 32 weeks of gestation were born in Bnai Zion medical center. Early echocardiography was performed in 65 infants. The decision to perform echocardiography in the first days of life was based on clinical considerations. Infants recruitment is described in Fig. [1](#Fig1){ref-type="fig"}. Six neonates died during the first 72 h of life due to early onset sepsis (two neonates), intraventricular hemorrhage (one neonate), and extreme prematurity (three neonates). Echocardiography was not performed in these infants because of their critical condition, and they were excluded. One infant was excluded due to incidental finding of significant ventricular septal defect. Included were 13 neonates in the study group, 18 neonates in the comparison group without PDA, and 12 neonates in the comparison group with a nonsignificant PDA.Fig. 1Recruitment chart.Flow of premature infants inclusion process, exclusion criteria and partition into groups. IVH intraventricular hemmorhage, PDA patent ductus arteriosus.

Six neonates were treated with ibuprofen resulting in ductal closure. Three neonates were treated with paracetamol after ibuprofen failure or renal/bowel morbidity, resulting in closure in one infant, no response to treatment but eventually spontaneous resolution of PDA in one infant, and a single case that required surgical closure. Four infants were treated initially with paracetamol as the current department routine, resulting in closure or significant narrowing of PDA.

The vital signs including temperature, oxygen demand and mean airway pressure, and baseline laboratory tests including blood gases and hematocrit, of the study group before and after treatment, were comparable. The only difference was in the base excess that improved after ductus treatment (from −8.6 ± 3.5 to −4.9 ± 5.5, *p* = 0.05). The sequential measures of velocity and flow before and after ductus closure in the LM coronary arteries in the study groups are reported in Table [1](#Tab1){ref-type="table"}. Both groups were comparable in cardiac size measures, CO and coronary flow parameters. A significant difference was seen in PDA size and diastolic pressure gradient but there was no change in the ratio of left atrial to aortic root dimensions. Seven out of thirteen neonates in the study group had bidirectional ductal flow, mainly left to right, while the others had left to right continuous flows.Table 1Echocardiographic measurements of the study group (*n* = 13) before and after PDA treatment.Before treatmentAfter treatment*p* valueLVEDD (cm)1.2 ± 0.21.1 ± 0.10.10LVESD (cm)0.7 ± 0.20.7 ± 0.10.24IVS-D (cm)0.3 ± 0.10.3 ± 0.00.68LPW (cm)0.2 ± 0.00.2 ± 0.00.56Aortic root (cm)0.6 ± 0.10.6 ± 0.10.91Aortic valve opening (cm)0.4 ± 0.10.4 ± 0.10.33LA\* (cm)0.8 (0.8, 1.1)0.8 (0.7, 0.9)0.79PDA diameter (mm)2.4 ± 0.91.3 ± 0.9**0.02**PDA diameter/BW (mm/kg)2.9 ± 11.9 ± 0.60.13PDA delta P systole14.8 ± 7.225.0 ± 7.00.11PDA delta P diastole5.0 ± 4.28.7 ± 1.8**0.01**PDA flow velocity (m/s)1.0 ± 0.51.5 ± 0.20.14CO~I~/BW (cm/min/kg)1113 ± 3771114 ± 3640.88CO (ml/min/kg)156.7 ± 57.1138.1 ± 46.90.91FI/BW (cm/min/kg)569 ± 162571 ± 1540.81Left main flow (ml/min/kg)0.99 ± 0.30.98 ± 0.30.55Left main Vd (cm/s)21.6 ± 6.122.9 ± 5.50.42Left main TVId (cm)3.1 ± 0.73.2 ± 0.80.66LA/aortic root1.3 ± 0.21.3 ± 0.10.51MOD/BW\*9100 ± 34009400 ± 23000.73\*Most data are presented as mean ± SD, Mann--Whitney Rank Sum Test, when not enough data for *t*-test. Data with asterisk (\*) are presented as median (range) due to lack of Gaussian distribution.*LVEDD* left ventricular end diastolic diameter, *LVESD* left ventricular end systolic diameter, *IVS-D* interventricular septal thickness at diastole, *LPW* left ventricular posterior wall, *LA* left atria, *PDA* patent ductus arteriosus, *delta P* delta pressure, *BW* birth weight, *CO*~*I*~ cardiac output index, *FI* flow index, *Vd* peak diastolic velocity, *TVId* diastolic time velocity integral, *MOD* myocardial oxygen demand (beat × mmHg/min/kg).Statistically significant *p*-values are in bold.

A comparison of birth characteristics, vital signs, and laboratory tests between the study and comparison groups is presented in Table [2](#Tab2){ref-type="table"}. The study group had a lower GA and BW, and lower systolic and diastolic blood pressure and pulse pressure, being statistically significant only compared with the comparison group without PDA. The study group had also lower pH, pO~2~, and BE, and higher pCO~2~. Notably, the troponin values were significantly higher in the study compared with the comparison groups. In a multivariable analysis we found that an elevated troponin level was related to smaller gestational age and larger ductus size (*p* values of 0.02 and 0.01, respectively). The measures of velocity and flow in the LM coronary arteries in the study and comparison groups are reported in Table [3](#Tab3){ref-type="table"}. Both groups were comparable in cardiac size measures, except for the LPW, aortic root, and aortic valve. Coronary cross-sectional area was lower in the study group compared with the comparison groups with small and no ductus (0.0017, 0.0028, and 0.0038 cm^2^, respectively, *p* \< 0.001). Left ventricular outlet diameter was also lower in the study group compared with the groups with small and no PDA (0.41, 0.45 and 0.5 cm^2^, respectively, *p* = 0.03). The ratio of left atrial to aortic root dimensions was higher in the study group compared with the comparison group without PDA, and PDA diameter/BW was higher in the study group compared with comparison group with small ductus.Table 2Birth characteristics, vital signs and laboratory tests of the study group (hsPDA) before treatment compared with comparison groups.hsPDANonsignificant PDA*p* valueGroup No PDA*p* value*n* = 13*n* = 12*n* = 18Gestational age (weeks)26.8 ± 2.128.5 ± 2.40.0729.7 ± 1.4**0.000**Birth weight (g)892 ± 2491185 ± 5010.091459 ± 296**0.000**Day of life at entry3.3 ± 1.34.4 ± 4.30.444.0 ± 1.80.25Corrected age entry27.1 ± 2.128.8 ± 2.30.0630.2 ± 1.4**0.000**Apgar 1 min4.3 ± 2.36.2 ± 3.00.097.0 ± 2.2**0.004**Apgar 5 min6.8 ± 1.88.3 ± 1.2**0.03**8.3 ± 1.3**0.02**Maternal age (years)33.8 ± 7.930.1 ± 4.70.1734.0 ± 5.20.95Temperature (Celsius)36.5 ± 0.136.6 ± 0.10.3736.7 ± 0.40.12HR (beats/minute)150.3±11.7152.6 ± 6.90.54146.9 ± 10.60.35BP dias. (mmHg)31.1 ± 5.034.2 ± 7.50.2539.0 ±7.2**0.001**BP syst. (mmHg)49.6 ± 5.857.8 ± 13.00.0662.3 ± 10.8**0.000**PP (mmHg)18.1 ± 5.921.5 ± 5.70.1723.2 ± 7.8**0.049**RR (breaths/minute)52.5 ± 21.866.6 ± 25.50.2551.0 ± 16.30.87SpO~2~ (%)94.2 ± 4.496.8 ± 2.80.0997.0 ± 3.70.08FiO~2~ (%)29.3 ± 9.926.4 ± 9.60.4726.2 ± 12.90.50MAP (mmHg)10.7 ± 7.57.5 ± 2.40.377.4 ± 2.20.36pCO~2~ (mmHg)51.0 ± 17.140.2 ± 5.6**0.05**43.0 ± 8.40.14pH7.2 ± 0.17.3 ± 0.1**0.02**7.3 ± 0.1**0.03**pO~2~ (mmHg)48.7 ± 7.567.6 ± 16.5**0.003**76.5 ± 25.5**0.003**BE−8.7 ± 3.6−5.5 ± 30.**0.02**−5.4 ± 2.5**0.01**Troponin (ng/ml)0.2 ± 0.10.12 ± 0.1**0.003**0.1 ± 0.1**0.004**HCT43.9 ± 6.245.1 ± 8.10.6743.8 ± 6.10.98PLT204 ± 108236 ± 1010.45257 ± 1050.19CRP (mg %)7.4 ± 10.315.9 ± 46.80.5716.3 ± 34.70.32GLUCOSE (mg %)116.1 ± 42.9116.7 ± 29.30.97106.8 ± 39.40.54\*Most data are presented as mean ± SD, Two-sample *T*-Test.*HR* heart rate, *BP* blood pressure, *PP* pulse pressure, *RR* respiratory rate, *SpO*~*2*~ saturation, *FiO*~*2*~ fraction of inspired oxygen, *MAP* mean airway pressure, *pCO*~*2*~ partial pressure of carbon dioxide, *pO*~*2*~ partial pressure of oxygen, *BE* base excess, *HCT* hematocrit, *PLT* platelets, *CRP* c-reactive protein.Statistically significant *p*-values are in bold.Table 3Echocardiographic measurements of the study group (hsPDA) before treatment compared with comparison groups.hsPDANonsignificant PDA*p* valueNo PDA*p* valueLVEDD (cm)1.2 ± 0.21.3 ± 0.30.591.3 ± 0.20.12LVESD\* (cm)0.7 (0.6,0.8)0.7 (0.6,0.9)0.640.8 (0.7,0.9)0.06IVS-D (cm)0.3 ± 0.10.3 ± 0.00.190.3 ± 0.10.06LPW\* (cm)0.2 (0.2,0.3)0.2 (0.2,0.3)0.690.3 ± 0.0**0.004**Aortic root (cm)0.6 ± 0.10.7 ± 0.10.120.7 ± 0.1**\<0.001**Aortic valve (cm)0.4 ± 0.10.5 ± 0.1**0.03**0.5 ± 0.1**0.001**LA\* (cm)0.9 ± 0.20.9 ± 0.10.860.9 (0.8,0.9)0.82PDA diameter (mm)2.4 ± 0.91.6 ± 0.6**0.014**NANAPDA diameter/BW\* (mm/kg)2.3 (2.2,2.9)1.4 (0.8,2.1)**0.008**NANAPDA delta P systole14.8 ± 7.217.9 ± 9.70.41NANAPDA delta P diastole\*4.1 (1.4,7.3)11.0 (2.7,14.7)0.18NANAPDA flow velocity (m/s)1.0 ± 0.51.4 ± 0.70.13NANACO~I~/BW\* (cm/min/kg)1024 (904,1223)990 (851,1209)0.44605 (534,730)**\<0.001**CO\* (ml/min/kg)147.2 (101.9,200.8)162.2 (141.3,182.5)0.97134.7 (110.1,144.8)0.35FI LM/BW\* (cm/min/kg)552 (449,689)494 (367,541)0.24379 ± 1240.001Left main flow\* (ml/min/kg)0.99 ± 0.31.5 ± 0.5**0.02**1.2 (1.0,1.5)**0.03**Left main Vd (cm/s)21.6 ± 6.123.9 ± 6.70.3722.1 ± 3.80.77Left main TVId (cm)3.1 ± 0.73.6 ± 1.20.213.4 ± 0.90.34LA/aortic root1.3 ± 0.21.2 ± 0.20.131.1 ± 0.1**0.005**MOD/BW\*8262 (6848,10841)7551 (6078,9577)0.496363 (5531,6933)**0.01**\*Most data are presented as mean ± SD, Mann--Whitney Rank Sum Test, when not enough data for *t*-test. Data with asterisk (\*) are presented as median (range) due to lack of Gaussian distribution.*LVESD* left ventricular end systolic diameter, *IVS-D* interventricular septal thickness at diastole, *LPW* left ventricular posterior wall, *LA* left atria, *PDA* patent ductus arteriosus, *NA* not applicable, *delta P* delta pressure, *BW* birth weight, *CO*~*I*~ cardiac output index, *FI LM* flow index left main, *Vd* peak diastolic velocity, *TVId* diastolic time velocity integral, *MOD* myocardial oxygen demand (beat × mmHg/min/kg).Statistically significant *p*-values are in bold.

CO~I~ was higher but CO was not significantly higher in the study group compared with the controls. Flows in the LM coronary artery in infants with hsPDA were significantly lower in the study group, compared with the controls with mild and no PDA. Myocardial oxygen demand adjusted for BW was also higher in infants with PDA, being significant only in infants with hsPDA compared with the group without PDA.

The clinical outcomes (Table [4](#Tab4){ref-type="table"}) of the three groups were significantly different with longer mechanical ventilation and oxygen support in the study group, but without a difference in length of stay. Infants in the study group had significantly higher rates of IVH/PVL and BPD. In a multivariate analysis we found that GA was an independent variable affecting length of mechanical ventilation, O~2~ support and length of stay, IVH/PVL and BPD. Ductal size had an independent effect on length of mechanical ventilation, nasal support, O~2~ support and length of stay.Table 4The clinical outcome of study group (hsPDA) compared with comparison groups.hsPDANonsignificant PDA*p* valueNo PDA*p* valueLength of mechanical24 ± 21.75.1 ± 11.2**0.03**3 ± 6.4**0.01**ventilation (days)Length of nasal sup. (days)48.7 ± 60.221.6 ± 180.1914.5 ± 170.11Length of O~2~ (days)65.5 ± 70.321.8 ± 27.30.0912.7 ± 15.2**0.04**Length of stay (days)92.6 ± 70.470.7 ± 26.90.3764.8 ± 40.70.27IVH/PVL\*6 (46%)1 (8%)0.071 (5%)**0.02**NEC\*5 (38%)2 (17%)0.402 (11%)0.09ROP\*01 (8%)101BPD\*9 (69%)2 (17%)**0.02**5 (28%)**0.05**\*Data presented as mean ± SD, Two-sample *T*-Test. Data with asterisk (\*) presented as number of infants(percent), analyzed with Chi-square test and Fisher Exact test.*Nasal sup*. nasal support, *O*~*2*~ oxygen, *IVH/PVL* intraventricular hemorrhage/periventricular leukomalacia, *NEC* necrotizing enterocolitis, *ROP* retinopathy of prematurity, *BPD* bronchopulmonary dysplasia.Statistically significant *p*-values are in bold.

Discussion {#Sec9}
==========

Our study found that while the myocardial oxygen demand increased, CO did not increase significantly, and the LM coronary artery flows decreased in infants with hsPDA compared with those with no PDA. Those changes were associated with higher troponin values. We did not observe any change in coronary flows after medical treatment with ibuprofen or paracetamol.

While PDA was shown to have a "steal effect" from the intestine and the kidneys \[[@CR1]\], information on its effect on the coronary arteries is still limited. Sehgal et al. examined the dynamics of coronary flow related to indomethacin treatment for ductal closure in premature infants. That study found a decrease in coronary flow immediately after treatment, and recovery 60 min after treatment \[[@CR10]\]. Similar findings were reported using speckle-tracking echocardiography \[[@CR11]\]. The initial decrease could result from an ischemic effect caused by indomethacin, reported to decreasing flow to organs like the intestines and kidneys \[[@CR2], [@CR5]\]. Our study, in accordance with the previous reports \[[@CR10], [@CR11]\], though at different time points and different medications, did not show an increase in coronary flows 4.1 ± 2.8 days post PDA treatment. Notably, the ductus was not closed after treatment in three out of the thirteen neonates in our study group.

Another study by Sehgal et al. in premature infants examined the effects of ductal ligation on coronary flow at 1, 8, and 24 h after the procedure and suggest a postoperative increase in the coronary flow that did not reach statistical significance (baseline of 2.4 ± 1.2 ml/min/kg to 3.3 ± 1.2, 3.1 ± 1.5, and 3.1 ± 1.5, respectively; *p* = 0.09) \[[@CR12]\]. They did demonstrate a significant increase in coronary artery flow relative to left ventricular output post PDA surgical ligation \[[@CR12]\]. Harada et al. examined coronary flow after ductal ligation in children aged \~1.8 years and showed an increase in coronary flow immediately after coil closure of PDA in the subset of patients with pulmonary to systemic blood flow ratio of \>1.5 \[[@CR13]\]. While this could suggest a compromised flow while the PDA was open, this study population is different, being older and with longstanding PDA, and its findings cannot be generalized to the acute condition in small premature infants. Differences between studies during medical treatment, ours and others \[[@CR10], [@CR11]\] vs. surgical ligation \[[@CR12], [@CR13]\] could relate to a more severe condition compromising coronary flow prior to surgery.

The hsPDA act as low vascular resistance circuit shunting blood from the systemic circulation to pulmonary, causing a wide pulse pressure with low diastolic arterial pressure. Doppler evaluation of the mesenteric, cerebral and renal artery showing reversal or absence of diastolic flow is pathognomonic of hsPDA \[[@CR10]\]. The principal determination of coronary perfusion pressure is the difference between the aortic diastolic pressure and the left ventricular end diastolic pressure. Diastolic and mean BP were lower in infants with hsPDA in our study and could lead to compromised coronary perfusion and myocardial performance impairment \[[@CR10]\].

Our study could possibly suggest a "steal effect," showing significantly lower coronary flows adjusted for weight \[[@CR10], [@CR12], [@CR19], [@CR20]\] in the LM coronary artery between the study and comparison groups. The increase in CO in infants with hsPDA did not reach significance, as reported by others \[[@CR19], [@CR21]\]. We also found an elevated myocardial oxygen demand in infants with PDA, being significantly higher only when compared with participants with no PDA. The increased levels of troponin, despite the nonsignificant elevation in CO, may suggest that the increase did not meet the elevated myocardial oxygen demand. The response of the coronary arteries to an elevated myocardial oxygen demand should be further studied.

We did not observe similar findings before and after hsPDA treatment. That can be explained by the fact that PDA was not closed in 3 out of the 13 patients in the study group, requiring additional treatment. Furthermore, even in the patients with ductal closure, the closure was not complete. As suggested by Van Laere et al. PDA diameter/BW higher than 1.4 mm/kg is an important measure of large ductal shunt \[[@CR19]\]. In our study group after treatment, the PDA diameter/BW ratio was 1.9 mm/kg, suggesting only partial duct closure. Thus, insufficient closure of the PDA could also contribute to no effect on coronary flow. Finally, it is also possible that our pilot study had a beta error; missing an effect due to the small sample.

One could argue that only limited information was available in regards to the physiologic changes in coronary flow in infants with PDA because of inadequate study or comparison groups. On the one hand, LA/aortic root ratio above 1.5 is considered indicative of hsPDA, and our result was 1.3, with statistical difference only when compared with the group with no PDA. But on the other hand, PDA diameter and flow velocity met the definitions of hsPDA, and PDA diameter/weight was above 1.4, which is considered a better measure of ductal shunt in previous studies \[[@CR19], [@CR22]\]. In addition, there were clinical and laboratory measures showing that the study group did have a hemodynamic clinically significant PDA. While the severity of their clinical condition and outcome could result from their more extreme prematurity, we did perform a multivariate analysis showing the clinical outcomes to be related not only to GA, but also to the size of the PDA. Ductal size was independently associated with length of mechanical ventilation, nasal and O~2~ support and length of stay. These findings are in accordance with worse clinical outcomes in premature infants who have significant PDA described in the literature \[[@CR1]\].

Furthermore, the troponin values were significantly higher in the study group compared with the comparison groups. In our study, we used the cardiac troponin *T* test since this test is considered a specific marker for myocardial ischemic injury, unlike other markers like troponin I and creatinine kinase \[[@CR23]\]. The study group population was younger and with more comorbidities, which may raise concern for a confounding effect. For example, higher troponin values could be related to ischemic effects of respiratory distress syndrome \[[@CR24], [@CR25]\]. Hence, a multivariate analysis was performed and demonstrated troponin to be related significantly and independently to gestational age and ductus size. These findings may indicate that the PDA in our group was hemodynamically significant causing myocardial strain. It may also suggest that troponin was more or as sensitive as our echocardiography findings to the ductal effect on coronary flows. A previous study by El-Khuffash et al. found that PDA and large ductal size had significant correlations to higher troponin levels \[[@CR23]\], similar to our study results. They demonstrated normalization of troponin post treatment. An additional study evaluating the relation between PDA and troponin was conducted by Asrani et al. with similar conclusions \[[@CR26]\]. The cumulative data might suggest that troponin level could be helpful in the assessment of clinically significant PDA. No follow up of troponin levels after ductal treatment or electrocardiography exams to demonstrate ST-segment depression \[[@CR27]\] were made in our study due to technical difficulties. Future larger studies with troponin measurements before and after PDA closure could help strengthen the predictability of this marker, and may allow to set a threshold clinical level for hsPDA. To do that, more information regarding troponin levels in other conditions like placental insufficiency \[[@CR28]\], ashyxia \[[@CR29]\] and respiratory distress syndrome \[[@CR24], [@CR25]\] is needed, because the current knowledge is limited.

Study limitations could affect our findings. Because the coronary arteries in premature infants are small in diameter and may undergo significant changes that could not be accurately measured during the echocardiography \[[@CR14]\] the use of this tool may be misleading and operator dependent. Furthermore, small changes could dramatically affect the assessment of the flow. When we used FI as approximation for flow instead of calculating coronary flow taking into consideration the coronary diameter, we came to opposite results, showing an increase in FI with hsPDA (Table [3](#Tab3){ref-type="table"}). To assure that our results were accurate we performed an ICC analysis, that found that both the FI and the coronary flow measured by our senior cardiologist had good accuracy (0.77 and 0.78, respectively). Thus, taking into account the surface area of the LM coronary artery to assess flows, affected our results and interpretation of the data. In our study, a single senior cardiologist who has the expertise and the experience in evaluating coronary flow conducted all the measurements, reducing the possibility of human measurement error. Yet, we raise a concern that this tool might not be accurate in unexperienced hands.

This was a pilot study in which we achieved the sample size for paired tests, but not for the unpaired tests. That was caused by difficulty to enroll enough small premature infants with significant PDA requiring treatment during the study period, resulting from the recent trend allowing a more conservative watchful treatment \[[@CR6]\]. In addition, 28 infants were excluded due to good clinical condition, which may introduce selection bias to the study. The consideration for echocardiography testing was clinical and we did not interfere with the department's routine. Another limitation of our study is the different treatment protocols used during the study that could influence the results. Yet, while indomethacin is known to decrease the flow in organs like the intestines and brain \[[@CR11]\], ibuprofen and paracetamol have less side effects \[[@CR2], [@CR5]\], are currently more commonly used, and our study adds more information on their safety.

Our study's strength is in its prospective design, with adequate comparison groups evaluating a possible valid novel parameter that could help in defining hsPDA. In our observational study the definition of hsPDA took into account clinical, echocardiographic, and a "decision to treat" parameters by the medical team and not any single parameter.

Conclusions {#Sec10}
===========

Decrease in coronary artery flows and higher troponin values may suggest a "steal effect," not allowing to meet the elevated myocardial oxygen demand in infants with hsPDA. We could not demonstrate a difference in coronary flows before and after PDA medical treatment. While our pilot study may suggest that coronary flow measurements are feasible and could be helpful in defining hsPDA, when demonstrating a "steal effect," this finding should be taken with caution because of the difficulty in measuring coronary artery diameter when performed by unexperienced operator. The definition of hsPDA is complex, and should consider a variety of clinical, echocardiographic and laboratory parameters (troponin), and not just a single parameter because of the multiple factors playing a role and affecting extremely premature infants.
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